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The  inﬂuence  of the  temperature  and  reaction  time  on  the  sulfation  process  of  a  dolomite  is  investigated
in  this  paper.  The  sulfation  effectiveness  was  evaluated  and  correlated  with  changes  in the  physical  char-
acteristics  of a Brazilian  dolomite  during  the  reactive  process.  Calcination  and  sulfation  experiments  were
performed  under  isothermal  conditions  for dolomite  samples  with  average  particle  sizes  of 545 m  at
temperatures  of  750 ◦C, 850 ◦C  and  950 ◦C at different  times  of  sulfation.  Thermogravimetric  tests  were
applied  to establish  the  reactivity  variation  of the  dolomite  in  function  of the  time  in  the  sulfation  reaction
and  evaluate  the  methodology  of the  samples  preparation.  Porosimetry  tests  were  performed  to  study
the pore  blockage  of  dolomite  during  the  sulfation  reaction.  The  highest  values  of BET  surface  area  were
2 2 2
olomite
ulfation
hermal decomposition
ET surface area
25.55  m /g,  29.55  m /g  and  12.62  m /g for  calcined  samples  and  after  their  sulfation  processes,  conver-
sions  of  51.5%,  61.9%  and  42.8%  were  obtained  at 750 ◦C,  850 ◦C and  950 ◦C, respectively.  Considering
the process  as  a whole,  the  best  ﬁt was  provided  by a ﬁrst-order  exponential  decay  equation.  Moreover,
the  results  have  shown  that  it is  possible  to quantify  the  decreasing  in  the  dolomite  reactivity  for  sulfur
dioxide  sorption  and  understand  the  changes  in the  behavior  of the  sulfation  process  of  limestones  when
s  ﬂuiapplied  to technologies,  a
. Introduction
A critical aspect of the limestone efﬁciency used for the sorption
f sulfur dioxide generated in coal combustion refers to its decreas-
ng reactivity in function of the reaction time [1].  Considering the
ypical residence times applied to ﬂuidized bed reactors, studies
n the sorption of sulfur dioxides (SO2) by limestones have showed
hat the major determining factor of the ﬁnal reactivity of limestone
s related to the changes in the porosity that occur in its struc-
ure during both calcination and sulfation reactions [1–3]. Thus, for
ny residence time in the reactor, each calcined particle of lime-
tone reaches a limit conversion in the sulfation process, because
ts internal structure becomes inaccessible due to the pores partial
lockage [1,4]. The SO2 sorption by limestones depends largely on
he complex ﬂow patterns that develop in ﬂuidized bed combus-
ors. This behavior is attributed to reaction rates controlled by the
hemical kinetics and mass transport of the reactive gases [5,6]. The
eaction in the particle as a whole is also governed by the diffusion
f the gaseous reactant into the particle [7].
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Open access under the Elsevier OA license. dized  bed  combustor,  in  which  sulfur  dioxide  is  present.
© 2011 Elsevier B.V. 
Several resistance characteristics are considered in the reaction:
(i) transport of reactive gas through the gaseous ﬁlm surround-
ing the reactive particles, (ii) diffusion of reactant gas through the
outer layers of each reacting particle, (iii) diffusion of reactant gas
through the unreacting porous core particle and (iv) chemical kinet-
ics [8–12]. It is also possible to distinguish resistances to intrinsic
reactions (intra-particle) and external part of the particles. Intrinsic
resistances are difﬁcult to evaluate individually and are generally
determined in blocks, as an effective resistance results from diffu-
sion effects and intra-particle chemical kinetics [13–15].
The composition of the intrinsic resistances with external resis-
tances to the particles allows determining global coefﬁcients of
reaction rates. Due to the large heterogeneity and the structural
complexity of limestones, it is virtually impossible to develop accu-
rate models based on the knowledge of the physical structure
evolution of the particle under reaction of both calcination and sul-
fation [16,17].  Such an evolution is highly transient and depends
on the type of limestone, size and shape of the individual particle
[14].
The kinetic parameters of the limestone (CaCO3) and dolomite
(CaCO ·MgCO ) decomposition are strongly dependent on the sys-
Open access under the Elsevier OA license. 3 3
tems and operating conditions used [18–20].  High temperatures
and duration of thermal exposure during the calcination process
lead to the sintering of the limestone particles, and a decrease
e Science 258 (2012) 3532– 3539 3533
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Table 1
Elementary chemical composition of the dolomite.
Chemical composition (% mass/mass)I. Ávila et al. / Applied Surfac
ccurs in both porosity and surface areas [21–23].  According to
tanmore and Gilot [23], it is possible to anticipate that the lime-
tone particles will exhibit a highly fused nodular surface after
everal hours of residence time in the circulating systems.
Thermal analysis has been widely used in the characteriza-
ion and kinetic investigation of the limestones calcination and
ulfation. Kök and Smykatz-Kloss [24] studied the regular and iron-
earing dolomites based on decomposition temperatures. It was
ossible to identify the FeO (mass%) of all dolomite samples by DTA
nd the results were conﬁrmed by atomic absorption spectropho-
ometer experiments. The kinetics of the thermal decomposition
f limestones was investigated by Satterﬁeld and Feakes [25].
hey observed that the decomposition process is presumably
etermined by the interrelationship among the three major rate
ontrolling processes: (1) heat transfer, (2) mass transfer and (3)
hemical reaction kinetics. Beruto and Searcy [26] recognized the
mportance of the kinetic control of the process in the limestone
ecomposition reaction, but they did not exclude the importance
f other limiting steps. Kök and Smykatz-Kloss [27] studied the
ehavior of four dolomite samples by X-ray diffractometer and
imultaneous TG–DTA experiments. They observed three differ-
nt decomposition regions and obtained activation energies in the
8–137 kJ/mol range. Ávila et al. [28] applied thermogravimetric
ests under isothermal conditions to investigate the kinetics of SO2
orption for both calcite and dolomite. The authors concluded that
he sulfation process was controlled by Knudsen diffusion for cal-
ite and molecular diffusion of gas through the pores for dolomite.
Several models have been developed to explain the limestone
ecomposition mechanism. In general, they seek to determine the
alcination rate of calcium carbonate (CaCO3) and the time to com-
lete its process. It is assumed that CaCO3 particles react following
he shrinking-core model or unreacted-core model [7,16,21,29].
ccording to Alvfors and Svedberg [7],  models that describe the
imestone sulfation process should also include two stages that pre-
ede the sulfation, i.e., limestone calcination and sintering of CaO.
he reaction between SO2 and CaCO3 in atmospheric ﬂuidized bed
ombustors involves the processes of calcination followed by sulfa-
ion, which occurs through the following overall reactions [23,30]:
aCO3(s) → CaO(s) + CO2(g), H = + 182.1 kJ/mol  (1)
aO(s) + SO2(g) + ½O2(g) → CaSO4(s), H = −481.4 kJ/mol  (2)
The calcium oxide (CaO) formed in the calcination (Eq. (1))  is
ery porous and has the same size of the original particle. Its high
orosity is due to the difference between the molar volumes of
aCO3 (∼36.9 cm3/mol) and CaO (∼16.9 cm3/mol) [4,17,31]. Dur-
ng sulfation (Eq. (2)), the pores of the CaO particles are ﬁlled with
roducts, mainly CaSO4, and become progressively plugged; as sul-
ation proceeds, there occurs porosity loss due to the growth of
he product layers deposited on both internal and external sur-
aces. A pore blockage quickly develops all over the outer shells
f a particle, making the internal regions inaccessible to reactions
5,11,17,31,32]. Even when compared to the natural limestone, the
hysical structure of the sulfated regions in a particle becomes
ore compact owing to the difference between the molar volumes
f CaSO4 (∼46 cm3/mol) and CaCO3 (∼36.9 cm3/mol) [17].
Due to the characteristics of the sulfation process, some physical
roperties of the limestones assume large relevance in the estab-
ishment of reaction rates. Porosity, pore size distribution and BET
urface area are generally considered very important factors. The
imestone sulfation process is affected by porosity, pore size and
ize distribution of pores, intra-particle superﬁcial area [14,33–35],
eological age, size and density of the particles [36]. Another factor
o consider is the presence of chemical elements, which may  act as
ither catalysts or inhibitors [17].Ca Mg  Fe Al Sr K Mn
17.07 11.73 0.32 0.42 0.08 0.13 0.09
It is clear that the limestone’s porosity plays a crucial role in the
sulfation rate. However, the knowledge of mathematical equations
obtained from experimental data that can evaluate the changes in
the behavior of the physical structure of the limestones, depend-
ing on the sulfation time is still limited. In addition, there are no
studies in the literature which clearly show the pore sizes region of
dolomite that is mostly affected by the sulfation reaction. From this
perspective, the present study aims to evaluate the effect of temper-
ature on the sulfation effectiveness and correlate it with changes
in the physical characteristics of a Brazilian dolomite during the
reactive process. For this purpose, techniques including nitrogen
adsorption porosimetry, thermogravimetry and scanning electron
microscopy were used.
2. Experimental conditions
2.1. Limestone characterization
A Brazilian dolomite from São Paulo State was used in this work.
The dolomite rock was ground and sieved for average particle sizes
of 545 m.  The average size of the particles was  determined as the
arithmetic mean between two consecutive ASTM laboratory sieves
with mesh apertures between 590 and 500 m.  Table 1 shows its
elementary chemical compositions determined by atomic emission
spectrometry (ICP-AES).
2.2. Scanning electron microscopy
The morphological structures of the dolomite were deter-
mined for natural, calcined and sulfated (30 min  of sulfation)
samples. Morphological observations were obtained using a scan-
ning electron microscope (SEM) in LEO Electron Microscopy 440
(ZEIZ/LAIKA) with amplitude of 5000 times.
2.3. Thermogravimetric experiments
To evaluate the sorption capacity of the dolomite, experiments
were carried out under isothermal conditions in a Shimadzu 51H
thermogravimetric analyzer (TGA). A mass ﬂow controller (Aal-
borg) speciﬁc to SO2 was used to control the gas ﬂow rate. Prior
to the experiments, the thermogravimetric equipment was  cal-
ibrated and experiments were run three times for repeatability.
Dolomite samples weighing 10.0 ± 0.5 mg were used in all exper-
iments. These small samples allowed minimizing inter-particle
mass transfer resistances by spreading the particles on a mono-
layer at the bottom of the alumina crucible ( 6 mm × 2.5 mm).
Alumina crucibles are used because they support high tempera-
tures and do not produce catalytic effects on the sulfation reaction
[3–37]. Prior to sulfation, the samples were subjected to a heating
rate of 30 ◦C min−1, from approximately 20 ◦C to study tempera-
ture effects at 750 ◦C, 850 ◦C and 950 ◦C, in air atmosphere at a ﬂow
rate of 80 mL  min−1. A heating rate of 30 ◦C min−1 was  adopted as
it would not affect the ﬁnal values of the conversion. After 5 min
of isothermal conditions, SO2 (100%, v/v) was injected at a ﬂow
−1rate of 20 mL  min for 30 min. This ﬂow rate was set to guarantee
differential conditions [14]. All experimental conditions adopted
in the TG tests and described above were evaluated and detailed
elsewhere [3,28,38,39].
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alcined dolomite previously calcined at 850 ◦C in a vertical tubular furnace. Sample
The sorption capability of the sorbents was established on the
asis of a conversion, deﬁned as the ratio between the mass of
alcined reactant fed in the process and the mass of solid reactant
hich effectively reacts (Eq. (3)),
 =
(
MS − MC
MC
)
× 100 (3)
here X is the conversion, MC is the mass of the sample after cal-
ination and MS is the variation of the sample mass during SO2
njection obtained from the thermogravimetric tests.
.4. Preparation of samples in a vertical tubular furnace
In order to provide enough samples for porosimetry tests, exper-
ments of calcinations and sulfation for dolomite were carried out
n a vertical tubular furnace with volume of 3817 cm3. The same
xperimental conditions of heating rate, gas ﬂow rate and temper-
ture of process adopted in TG tests were used. Thus, in sulfation
xperiments, natural dolomite samples were positioned within the
urnace (electrically heated and controlled) and subjected to a heat-
ng rate of 30 ◦C min−1 under a ﬂow rate of 80 mL  min−1 of synthetic
ir. When the desired temperature of 850 ◦C had been reached, the
sothermal conditions were maintained. Under these conditions
O2 was injected at a ﬂow rate of 20 mL  min−1. Several samples
ere prepared at seven different sulfation times, i.e., 5, 8, 11, 14,
7, 20 and 40 min. In all the cases samples of 1.5 ± 0.1 g were used.
.5. Porosimetry by nitrogen gas adsorption
Experiments of porosimetry by nitrogen gas adsorption were
arried out in a Micromeritics porosimeter (ASAP – 2020). Prior to
egassing, the samples prepared were dried in an oven for approx-
mately 12 h under a temperature of 110 ◦C. Samples of 0.6 ± 0.05 g
ere used in all experiments. The conditions used to degas and
nalyze the samples in the porosimeter are described as follows:
. Degas conditions: the purpose of degassing is to remove pre-
viously adsorbed molecules from surfaces and pores [40]. The
samples were heated a rate of 10 ◦C min−1 up to 150 ◦C under
vacuum restricted at evacuation rate of 10 mmHg/s to 1 mmHg;
the evacuation was changed to non-restricted vacuum at the
same evacuating rate until 10 mHg, remaining under these
conditions for 30 min; the heating was continued at a rate of
10 ◦C min−1 until 300 ◦C for natural dolomite or 350 ◦C for cal-
cined and sulfated samples remaining under these conditions
for 500 min.roﬁle for two of the performed experiments of sulfation: a natural dolomite and a
 ± 0.5 mg  were used in Isothermal tests at 850 ◦C with a heating rate of 30 ◦C min−1.
2. Analysis conditions: the analysis of samples was started under
vacuum restricted at an evacuation rate of 5 mmHg/s until
5 mmHg; the evacuation was changed to non-restricted vacuum
at the same evacuation rate until 10 mHg, remaining under
these conditions for 6 min. Then a P/P0 programming for 37
points was applied (24 points for adsorption and 13 points for
desorption). P/P0 is the ratio between applied pressure (P) and
saturation vapor pressure of adsorbed gas (P0), i.e., nitrogen.
The porosity was  measured for the natural, calcined and sulfated
samples of dolomite. According to Webb and Orr [40], convention
has established that the quantity of gas adsorbed is expressed as
its volume under standard conditions of temperature and pres-
sure (0 ◦C and 760 Torr represented by STP), while the pressure is
expressed as a relative pressure which is the actual gas pressure
(P) divided by the vapor pressure (P0) of the adsorbing gas at the
temperature at which the test is conducted.
3. Results and discussion
In order to investigate the variation in the dolomite porosity,
calcined and sulfated dolomite samples were prepared in a vertical
tubular furnace (VTF) at temperatures of 750 ◦C, 850 ◦C and 950 ◦C
for posterior porosimetry tests. After the calcination and sulfation
of dolomite, part of the samples prepared (10 ± 0.5 mg) was sub-
jected to sulfation in TGA to evaluate their preparation. In this case,
it is advantageous to use the TG prior to porosimetry tests, because
this technique is faster and allows evaluating the conditions of the
samples preparation.
Thermogravimetry (TG) experiments of sulfation were per-
formed with a heating rate of 30 ◦C min−1 under isothermal
conditions at 850 ◦C for both natural and calcined samples of
dolomite in VTF. Fig. 1 shows the mass loss/gain (TG curve) and
derivative mass loss/gain (DTG curve) versus time proﬁle for two
samples, a natural dolomite and a calcined dolomite previously
calcined at 850 ◦C in the VTF.
The DTG curve of the natural sample shows three peaks. The
ﬁrst peak of mass loss [i] occurs between 40 and 115 ◦C and is due
to the dehydration of inter-particle water. The second peak of mass
loss [ii], observed in the temperature range of 650–835 ◦C, is due to
the calcination dolomite. The third peak of mass gain [iii] refers to
the mass gained by the SO2 injection into the system and further
reaction under isothermal conditions at 850 ◦C.
For the calcined sample, two different regions of mass loss/gain
can be observed and distinguished in the DTG curve, in which two
peaks are obtained. The ﬁrst peak of mass loss [i] occurs around
I. Ávila et al. / Applied Surface Scie
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00 ◦C and refers to the mass loss due to the dehydroxylation. The
a(OH)2 specie is formed when calcined limestone (CaO) is exposed
o ambient conditions of temperature and humidity [41–43]. The
econd peak [ii] refers to the mass gained by the SO2 injection into
he TG system and further reaction under isothermal conditions at
50 ◦C. For all TG experiments for natural and previously calcined
nd sulfated samples in the VTF, similar proﬁles were obtained.
The SO2 sorption capability of the dolomite was established
rom the TG experiments and on the basis of the conversion (Eq.
3)). The TG curves show the reactive behavior of the dolomite as
ulfur sorbent and the conversion quantiﬁes this effect [38].
Fig. 2 shows the conversion (X) at temperatures of 750 ◦C, 850 ◦C
nd 950 ◦C for natural dolomite samples with average particle sizes
f 545 m.  The initial time was set at 3 min  before the maximum
eak of the DTG curve and the ﬁnal time was set at 18 min after the
nitial time when, for practicable purposes, the sulfation is assumed
o be ﬁnished. All the average conversion curves show the same
ehavior, although the ﬁnal gain of mass was different for different
emperatures. It is observed that conversion grows with tempera-
ure and then starts to drop as temperature further increases. The
nal conversion values (18 min) were 49.7%, 53.2% and 46.8% for
50 ◦C, 850 ◦C and 950 ◦C, respectively.
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Some authors agree that there is a maximum in the extent of
sulfation reaction at temperatures around 850 ◦C [44,45]. In agree-
ment with these authors, Ávila et al. [39] performed experiments
in TGA in a previous study using the same dolomite with particle
size of 650 m,  and a maximum conversion of 859 ◦C was obtained.
At higher temperatures the sulfation reaction kinetics is faster and
the rate of sulfation is higher. On the other hand, at sufﬁciently high
temperatures the reaction rate decreases due to possible sintering,
causing the loss of internal superﬁcial area, and consequently the
conversion falls [32,38].
Fig. 3 shows the conversion obtained in TG tests for calcined
dolomite samples prepared in VTF. In general, samples with shorter
sulfation time had higher conversion values in TG tests. Thus, the
sample that was only calcined in VTF had the highest conversion
value after the sulfation process in TGA and the sample that was
partially sulfated in VTF had intermediate values of conversions. On
the other hand, the sample sulfated for 40 min  in VTF showed no
mass increase after sulfation in TGA, indicating that the sample had
been completely sulfated. Unexpected conversion values obtained
for samples at some sulfation times in VTF were possibly due to the
heterogeneity of the samples. The ﬁnal conversion values (18 min)
for calcined samples were 51.5%, 61.9% and 42.8% for 750 ◦C, 850 ◦C
and 950 ◦C, respectively. Comparing these conversion values with
those obtained in TG tests from the natural dolomite (Fig. 2), they
were 3.3% and 15.8% higher for the calcined sample in the VTF
at temperatures of 750 ◦C and 850 ◦C, respectively. This difference
in reactivity may be related to differences in the pore structures.
In VTF tests, the calcined samples are exposed to environmental
conditions, as humidity, and the intermediate specie Ca(OH)2 is
formed. According to the literature [39,41–43,45,46], samples not
subjected to moisture usually have cylindrical pores while those
subjected to moisture usually have slit pores or plate-like pores,
allowing for the expansion of the particles and maintaining a higher
porosity. However, this behavior was  not observed for samples cal-
cined in VTF at 950 ◦C, it seems that the sintering process was more
effective at 950 ◦C in VTF than under TGA conditions.
The time in thermal exposure also affects the sintering of lime-
stone particles [21–23],  but for all temperatures studied the time
in the thermal exposure during the calcination process in VTF tests
was  the same. Thus, the high temperature (950 ◦C) was possibly
more effective in the sintering of calcined dolomite than the expo-To evaluate the decrease of reactivity during the sulfation
process of the samples prepared in VTF, conversion values (X)
were plotted as a function of sulfation time (t) considering the
1816141210 18161412108642
950 oC850 
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sly calcined and sulfated in VTF at temperatures of 750 ◦C, 850 ◦C and 950 ◦C.
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Table 2
BET surface area (SBET) obtained for dolomite samples with an average particle size
of  545 m in its natural, calcined and sulfated conditions at temperatures of 750 ◦C,
850 ◦C and 950 ◦C.
Samples SBET (m2/g)
Natural 2.84
Calcined/sulfated 750 ◦C 850 ◦C 950 ◦C
Calcined 25.53 29.33 11.88
Sulfated (5 min) 23.43 28.67 11.60
Sulfated (8 min) 17.62 20.61 12.81
Sulfated (11 min) 12.05 12.85 8.49
Sulfated (14 min) 10.95 13.28 5.07
Sulfated (17 min) 6.84 7.45 3.65536 I. Ávila et al. / Applied Surfa
ulfation for 18 min  of reaction in TGA (Fig. 4). For calcined and
ulfated samples at 850 ◦C, the equation that best ﬁtted the exper-
mental points was obtained by a ﬁrst-order exponential decay
Eq. (5)). However, the best ﬁts to the experimental points were
btained by the second-order polynomial equations for calcined
nd sulfated samples at temperatures of 750 ◦C (Eq. (4))  and 950 ◦C
Eq. (6)). At all temperatures studied, good ﬁts to the experimental
ata were obtained with correlation coefﬁcients (R2) higher than
.8.
(750 ◦C) = 0.0375 · t2 − 2.9322 · t + 56.0706, R2 = 0.93 (4)
(850 ◦C) = 68.4747 · exp
(
− t
13.3657
)
− 4.7149, R2 = 0.99 (5)
(950 ◦C) = 0.02825 · t2 − 2.3221 · t + 48.0767, R2 = 0.84 (6)
In general these results were expected, because calcined
olomite has a more porous structure compared to natural
olomite, which means greater activation of the surface favoring
he SO2 sorption process. As sulfation proceeds there occurs poros-
ty loss due to the growth of the product layers deposited on both
nternal and external surfaces. A pore blockage quickly develops
ll over the outer shells of a particle, making the internal regions
naccessible to reaction [21,31].
The results in the TG experiments showed that the methodol-
gy for the samples preparation in interrupted sulfation test was
orrect. This methodology was described in details elsewhere [47].
fter preparation in VTF, the samples were submitted to porosime-
ry experiments.
Porosimetry techniques can be used to obtain the size and
istribution of pores and BET surface area. Thus, these results
llow correlating the effectiveness of the sulfation reaction of the
olomite with changes in its physical characteristics during the
eactive process. Dolomite samples were used in the following con-
itions: natural, calcined at 750 ◦C, 850 ◦C and 950 ◦C and sulfated at
50 ◦C, 850 ◦C and 950 ◦C in interrupted tests between 5 and 40 min.
ig. 5 shows the adsorption and desorption isotherms for natural,
alcined and partly sulfated (11 min) dolomite samples at the three
emperatures studied.
Adsorption isotherms generally follow one of the six forms
hich characterize the size of the pores of the material analyzed
40]. For the three samples analyzed, adsorption and desorption
sotherms have similar shapes (Fig. 5), indicating isotherms of type
V and hysteresis loops (when the curve does not coincide with the
dsorption desorption). This behavior is typical of mesoporous and
acroporous materials, i.e., materials whose pore opening is larger
han 2 nm (20 A˚) [40,48,49].  The hysteresis behavior can be classi-
ed as type H3. According to the IUPAC, such hysteresis is observed
n aggregates of particles with pore-shaped cracks [50,51].
Regarding the values of the maximum quantity of adsorbed gas,
ig. 5 also shows that the calcined sample at 850 ◦C was  46% and
71% higher than those obtained for calcined samples at 750 ◦C and
50 ◦C, respectively.
For all samples (natural, calcined and sulfated), the pore distri-
ution results were plotted as a function of pore diameter (Fig. 6).
valuating the distribution of pores, it is possible to observe that
he curves for samples prepared at 750 ◦C and 950 ◦C presented
 unimodal distribution. On the other hand, in samples prepared
t 850 ◦C two distinct regions of pore diameter between 20–100 A˚
nd 300–1000 A˚ (bimodal distribution) could be observed and the
mount of pores decreased in function of the sulfation time. We
elieve that this behavior may  be responsible for the higher con-
ersion of sulfation at 850 ◦C, but this issue should be further
nvestigated. Fig. 6 also shows that during the sulfation process
f the dolomite, the region between 20 and 100 A˚ (mesoporous
egion) is the most affected by the pores blockage.Sulfated (20 min) 4.60 4.67 2.43
Sulfated (40 min) 1.15 1.41 1.02
These results were consistent with expectations. Due to the
progress of the sulfation process, the pores of the sorbent particles
were progressively blocked by sulfation products (CaSO4/MgSO4)
and the internal surface area was  reduced or became inaccessi-
ble [1,42,52]. This change in the physical structure of the natural
dolomite during calcination and sulfation processes can also be
observed in images of scanning electron microscope (SEM) with
amplitude of 5000 times (Fig. 7).
SEM images in Fig. 7 present the external surfaces of natural,
calcined and sulfated sorbents. Comparing the images of natural
(Fig. 7a) and calcined dolomites (Fig. 7b), it is possible to observe
that the morphological structure of the calcined one became more
porous, allowing increasing the SO2 sorption reactivity [38]. After
the sulfation process (Fig. 7c), the surface became compacted and
ﬁlled with products, mainly CaSO4.
Table 2 shows the results of SBET obtained for dolomite with
545 m in its natural, calcined and sulfated (40 min) conditions
at temperatures of 750 ◦C, 850 ◦C and 950 ◦C. As expected, there
occurred a signiﬁcant increase in the SBET values (above 9, 10 and
4 times for calcined samples at temperatures of 750 ◦C, 850 ◦C and
950 ◦C, respectively) in comparison to the natural dolomite. Never-
theless, for all samples sulfated for 40 min, SBET values were below
those obtained for natural samples.
In order to evaluate the decrease in the surface area during the
sulfation process, BET surface area values (SBET) were plotted as a
function of sulfation time (t) from 0 up to 40 min  of reaction (Fig. 8).
The best ﬁt was  provided by a ﬁrst-order exponential decay equa-
tion for dolomite with particle sizes of 545 m at temperatures of
750 ◦C (Eq. (7)), 850 ◦C (Eq. (8))  and 950 ◦C (Eq. (9)).
SBET (750 ◦C) = 30.745 · exp
(
− t
17.217
)
− 3.105, R2 = 0.93 (7)
SBET (850 ◦C) = 32.708 · exp
(
− t
16.217
)
− 2.464, R2 = 0.93 (8)
SBET (950 ◦C) = 17.284 · exp
(
− t
22.188
)
− 2.922, R2 = 0.77 (9)
Good correlation coefﬁcients (R2 > 0.9) were obtained at temper-
atures of 750 ◦C and 850 ◦C. Considering the temperature of 950 ◦C,
the sintering process possibly contributed to the lower value of
R2 (0.77). When the sintering occurs, the particles exhibit a highly
fused nodular surface [23] and the structure cannot be assumed
constant [22]. It is noteworthy that better ﬁts can be obtained with
additional points between 20 and 40 min  for all temperatures stud-
ied.
The present study has provided mathematical expressions that
quantify the behavior of pores blocking for a calcined dolomite with
particle size of 545 m at temperatures of 750 ◦C, 850 ◦C and 950 ◦C
during the sulfation process. In agreement with the literature, the
results showed that the SO2 sorption rate by dolomite decreased
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Fig. 7. SEM micrograph of the dolomite samples (amplitude of 5000×): (a) natural, (b) calcined and (c) sulfated.
454035302520151050-5
-5
0
5
10
15
20
25
30
35
454035302520151050 4540353025201510 50
t (min)
750 oC
t (min)
850 oC
S B
E
T (
m
2 /g
)
t (min)
950 oC
F n ave
a
e
a
4
m
o
B
b
t
p
m
s
i
w
p
p
a
b
r
b
r
r
d
rig. 8. Fit curves to the experimental data of calcined and sulfated dolomite with a
t  temperatures of 750 ◦C, 850 ◦C and 950 ◦C.
xponentially as sulfation proceeded until the pores had been ﬁlled
nd plugged with reaction products [1].
. Conclusions
This study investigated the sulfation effectiveness and mathe-
atically correlated it with changes in the physical characteristics
f limestone during the reactive process. The pore blockage of a
razilian dolomite during the sulfation reaction was demonstrated
y thermogravimetry and porosimetry tests.
Thermogravimetry experiments were applied to investigate
he sulfur sorption reactivity of dolomite and evaluate the sam-
les preparation. Good results were obtained indicating that the
ethodology applied for samples preparation for calcination and
ulfation in vertical tubular furnace (VTF) was adequate. The SEM
mages conﬁrmed the differences in the morphological structures
hen natural samples were subjected to calcination and sulfation
rocesses.
Porosimetry tests were performed considering dolomite sam-
les of natural and those calcined at temperatures of 750 ◦C, 850 ◦C
nd 950 ◦C, and sulfated in interrupted tests at seven different times
etween 5 and 40 min. The results showed that as the sulfation
eaction progressed, pores of sorbent particles were progressively
locked by sulfation products and the internal surface area was
educed or became inaccessible due to the pores ﬁlling with CaSO4.Mathematical expressions were also obtained to quantify the
eactivity decrease behavior of pores blocking of calcined dolomite
uring the sulfation process. In agreement with the literature, the
esults showed that considering the process as a whole, for therage particle size of 545 m:  BET surface area (SBET) as a function of sulfation time
sample calcined up to its full sulfation, the best ﬁt was given by a
ﬁrst-order exponential decay equation.
It also was possible to show that the mesoporous region of
the dolomite was the most affected region by the pores blockage
during the sulfation process. In addition, possibly the high temper-
ature (950 ◦C) was more effective in the calcination than the time
of thermal exposure, since the latter was  the same for the three
temperatures studied.
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